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Owing to the exorbitant overpotential and serious carrier recombination of graphitic carbon nitride (g-
C3Ny4), noble metal (NM) is usually served as the H, evolution co-catalyst. Although the NM (such as Pt)
nanoparticles can reduce the H, evolution overpotential, the weak van der Waals interaction between Pt
and g-C3N4 makes against the charge transfer. Herein, the solvothermal method is developed to achieve
semi-chemical interaction between Pt and g-C3N4 nanotube (Pt-CNNT) for fast charge transfer. Moreover,
the generated in-plane homojunction of CNNT can accelerate charge separation and restrain recombina-
tion. Meanwhile, the metallic Pt is an excellent H, evolution co-catalyst. Photo/electrochemical tests ver-
ify that the semi-chemical interaction can improve photogenerated charge separation and transferability
of CNNT. As a result, the photocatalytic H, evolution turnover frequency (TOF) of Pt-CNNT under visible
light irradiation reaches up to 918 h~', which is one of the highest in the g-C3N4-based photocatalysts.

This work provides a new idea to improve the charge transfer for efficient photocatalytic H, evolution.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solar energy to chemical energy conversion by photocatalytic
water splitting was considered to be an effective program for solv-
ing the energy crisis and environmental pollution. Many photocat-
alysts were developed for efficient photocatalytic H, evolution [1-
5]. Among them, graphitic carbon nitride (g-C3N4) has been stud-
ied extensively for solar energy to H,, due to the visible light re-
sponse, metal-free property, low price and so on [6-8]. However,
the exorbitant overpotential and serious carrier recombination of
g-C3N4 make the noble metal (NM) co-catalyst (such as Pt, Au) is
necessary for efficient photocatalytic H, evolution reaction [9-11].
Although the co-catalyst could reduce overpotential for H, evolu-
tion, the weak van der Waals interaction between co-catalysts and
photocatalysts impedes charge transfer and serves as recombina-
tion centers [12]. Therefore, enhancing the interaction between co-
catalysts and g-C3Ny4 to accelerate charge transfer will benefit pho-
tocatalytic activity.

Unquestionably, the loading methods of co-catalysts have a
great influence on the interaction between co-catalysts and pho-

* Corresponding authors.
E-mail addresses: L_S_Zhang1990@163.com (L. Zhang), zjp_112@126.com (J. Zou).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2021.09.057

tocatalysts [13]. In situ photo-reduction was the most common and
simple method for NM nanoparticles (NPs) deposition, which could
selectively load on the reduction sites for NM NPs [14,15]. In ad-
dition, chemical reduction was also used for the loading of NM
NPs. The excellent dispersity and small sizes of NM NPs could pro-
vide more active sites [16]. Furthermore, the electrostatic interac-
tion method was used to loading the prefab co-catalysts on the
photocatalysts, which could adjust the sizes and morphology of co-
catalysts rather than only the NPs [17,18]. However, all of these
methods loaded NM co-catalysts showed the weak van der Waals
interaction with the photocatalysts. Of course, there were also
some studies about the strong interaction between co-catalysts and
photocatalysts. The Pt*+ absorption and thermal reduction two-
step method was used to prepare the Pt single atom decorated g-
C3Ny4 by Pt-N coordination, which increased the lifetime of photo-
generated electrons via changing the surface trap states [19]. In ad-
dition, the simple solution adsorption of Pt4* also achieved the Pt-
N coordination on g-C3N4, where the strong interaction between
Pt and g-C3N4 could adjust the electronic structure of g-C3N4 and
accelerate the charge transfer [20]. Although the strong interaction
could accelerate charge transfer, the experiment and density func-
tional theory (DFT) calculation indicated that the Pt in ionic state
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Fig. 1. (a, b) XRD patterns, (c) PL spectra and (d) FWHM of (002) peak of CNNT,
S-CNNT and Pt-CNNT; HR-TEM images of (e) CNNT and (f) Pt-CNNT.

showed poor H, evolution activity than metallic Pt [21]. Therefore,
it is anticipated to make the semi-chemical interaction between Pt
and g-C3Ny4, where a part of Pt atoms has strong interaction with
the g-C3N4 for fast charge transfer as well as the rest of metallic
Pt is used for efficient HT reduction.

Herein, a solvothermal method was developed to prepare the
Pt-g-C3N4 nanotube (Pt-CNNT) with the semi-chemical interaction
between Pt and g-C3N4 nanotube (CNNT). X-ray diffraction (XRD),
photoluminescence (PL), and high-resolution transmission electron
microscopy (HR-TEM) proved the improved crystallinity and gen-
erated in-plane homojunction of CNNT, which could increase the
photogenerated charge separation and migration. X-ray photoelec-
tron spectroscopy (XPS) of Pt and valance band spectra of Pt-
CNNT verified the semi-chemical interaction between Pt and CNNT,
which can improve the photogenerated charge transfer from CNNT
to Pt. And, photoelectricity tests showed the improved photogener-
ated charge transfer and migration ability of Pt-CNNT. As a result,
the optimized Pt-CNNT showed an ultrahigh turnover frequency
(TOF) for photocatalytic H, evolution.

As shown in Fig. 1a, CNNT had two XRD peaks center at 12.7°
and 27.8°, corresponding to the (100) and (002) planes of g-C3Ny,
respectively [22,23]. However, after solvothermal treatment, the
crystal structure of CNNT had obvious change. For S-CNNT (CNNT
after solvothermal but without Pt) and Pt-CNNT, there were two
new XRD peaks appeared at the left of (100) peak, located at 10.8°
and 11.8°, respectively. Both of them are also (100) peaks similar to
the peak located at 12.7° (Fig. 1b) [24]. The three clear (100) peaks
indicated that the three in-plane repeat units had different widths
(corresponding to d spaces of 0.819, 0.750 and 0.697 nm, respec-
tively), which were caused by different crook degrees of the in-
plane network [25]. According to XRD results, the possible struc-
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Fig. 2. (a) FT-IR spectra of CNNT, S-CNNT and Pt-CNNT, (b) C 1s spectra of CNNT
and Pt-CNNT, (c) Pt 4f spectrum of Pt-CNNT, and (d) valance spectra of CNNT, Pt/S-
CNNT and Pt-CNNT.

ture mode of S-CNNT was proposed in Fig. S1 (Supporting infor-
mation). Previous experimental and theoretical calculations certi-
fied that the different in-plane units crook could form discriminat-
ing energy levels structures [25,26]. As illustrated in Fig. 1c, CNNT
revealed one PL peak centered at 500 nm. After the solvother-
mal process, this peak become less apparent and two new peaks
appeared, centered at 475 and 440 nm, respectively. The three
PL peaks of S-CNNT and Pt-CNNT indicated the three different
bandgaps from the different in-plane units, which are consistent
with the XRD results. Naturally, different bandgaps of S-CNNT and
Pt-CNNT will cause different conduction band and valance band
levels, hence, both of them would form in-plane homojunction,
which can accelerate the charge separation and migration just like
the heterojunctions [25]. The stronger PL quenching of S-CNNT
and Pt-CNNT proves the in-plane homojunction could suppress
the photogenerated charge recombination (Fig. 1c¢). In addition, the
solvothermal could also increase the crystallinity of CNNT: first, in
Fig. 1a, the emerged XRD peak at 32.5° of Pt-CNNT, belong to the
(200) peak of g-C3N4 (JCPDS No. 78-1691); second, in Fig. 1d, S-
CNNT and Pt-CNNT showed obvious reduced XRD full width at half
maximum (FWHM) of (002) peak; third, in Figs. 1e and f, the HR-
TEM images of CNNT showed no lattice fringe, but Pt-CNNT ex-
hibited clear lattice fringes. All of these proved the solvothermal
process could improve the crystallinity of CNNT.

Although the in-plane units of CNNT had been changed, the
solvothermal treatment had no influence on the two-dimension
layered texture of g-C3N4 (Fig. 1a). As shown in Fig. 2a, triazine
ring breathing mode (807 cm~1), various C—N and C=N stretches
(1200-1600 cm~') and broad stretching modes of residual amino
and possible hydroxyl (3100-3400 cm~!) had no change after
solvothermal. That is, the solvothermal treatment had no obvious
influence on the matrix of g-C3N4 [27]. In addition, S-CNNT still
exhibited a tubular morphology, similar to that of CNNT (Figs. S2
and S3 in Supporting information). Then, the chemical environ-
ment of Pt-CNNT was represented by XPS (Fig. S4a in Supporting
information). In Fig. 2b, the C 1s XPS spectrum of CNNT can be
divided into three peaks centered at 284.6, 285.9 and 288.0 eV,
assigned to the standard reference carbon, C—0, and sp2?-bonded
carbon (N-C=N), respectively. In addition, the C 1s spectrum of Pt-
CNNT emerged a new peak centered at 289.1 eV, assigned to the
carbon m—m* transition, which was due to the enhanced conju-
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Fig. 3. (a) UV-vis absorption spectra, (b) Tacu plot, (¢) photocurrent, and (d) time-
resolved PL spectra of CNNT, S-CNNT and Pt-CNNT.

gation arising from the more flat in-plane units [25]. In Fig. S4b
(Supporting information), the broad peak of XPS N 1s spectrum
can be deconvolved into three peaks located at 398.8, 400.2 and
401.3 eV, which corresponding to sp2-hybridized nitrogen in the
triazine ring (C-N=C), tertiary nitrogen (N-(C)3), and amine groups
(C-N-H), respectively [7]. After solvothermal treatment, the O con-
tent increased from 1.38 at% to 9.85 at% (Fig. S4c in Supporting
information). High resolution XPS spectra of O 1s testified there
was only one valance state of it. In addition, combine with the
C 1s XPS spectrum of Pt-CNNT, O element was bonded with C.

As illustrated in Fig. 2c, the Pt 4f spectrum of Pt-CNNT could
be divided into four peaks, centered at 71.3, 74.6, 73.8 and 76.3
eV, respectively. Two of them belonged to Pt 4fs;, and Pt 4f;, of
PtO state, and the other two were assigned to Pt 4fs), and Pt 4f7),
of Ptd+ state, respectively [16,20]. As mentioned above, the O ele-
ment in Pt-CNNT was bonded with C and no other chemical state,
so, the Pt®+ state was derived from the strong interaction between
Pt and CNNT rather than Pt-O bond. In addition, density of states
of Pt/S-CNNT’s valance spectrum had no obvious difference com-
pared with CNNT, indicate solvothermal treatment and photodepo-
sition Pt had no influence on density of states of CNNT (Fig. 2d).
However, Pt-CNNT showed obvious enhanced density of states be-
tween —1.5 eV and 1.5 eV, indicating the valence electron of Pt was
transferred to CNNT due to the semi-chemical interaction of Pt and
CNNT. The XPS results of Pt 4f and valance band spectra certified
the strong interaction between Pt and CNNT.

In Fig. 3a, compared with CNNT, the light absorption of Pt-CNNT
and S-CNNT showed an obvious blue shift, and the bandgaps in-
creased from 2.9 eV to 3.0 eV (Fig. 3b). The increased bandgaps
of S-CNNT and Pt-CNNT were derived from the change of in-plane
units (Fig. 1b). These three different in-plane units made the long
range ordered unit shorten, which would enlarge the bandgap due
to the shorter in-plane ordered structure would cause quantum
size effect. And the more blue PL peaks of S-CNNT and Pt-CNNT
can also confirm it (Fig. 1c). In addition, the band tail absorption
of S-CNNT and Pt-CNNT possess obvious reduction between 450
and 550 nm. Because the n-7* transitions caused by the in-plane
distortion were forbidden [14,26]. In Fig. 3b, the same bandgaps of
S-CNNT and Pt-CNNT indicated the small and superficial Pt had no
influence on the band structures of CNNT. However, absorption in-
tensity of Pt-CNNT increased between 400 nm and 750 nm than
S-CNNT (Fig. 3a), which originated from the semi-chemical inter-
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Fig. 4. H, evolution TOF of (a) Pt/CNNT, Pt/S-CNNT and Pt-CNNT, (b) different Pt
content and (c) the typical g-C3N4-based photocatalysts.

action between Pt and CNNT increased state of density. In Fig. S5
(Supporting information), the digital images also proved the im-
proved light absorption ability of Pt-CNNT.

As shown in Fig. 3c, S-CNNT possessed increscent photocurrent
than CNNT, indicating the in-plane homojunction can accelerate
the photogenerated charge migration. Furthermore, the photocur-
rent of Pt-CNNT boosted tremendously than S-CNNT, suggested the
semi-chemical interaction between Pt and CNNT was more benefi-
cial to charge migration. It was possibly because the semi-chemical
interaction could reduce the energy barrier between Pt and CNNT.
In Fig. 3d, S-CNNT possessed a longer PL lifetime than CNNT, and
Pt-CNNT was similar to S-CNNT, which certified the homojunction
could enhance the photogenerated charge separation, and then the
Pt transferred the charge fast.

Photocatalytic activities of samples were evaluated by photo-
catalytic H, evolution test. As shown in Fig. S6 (Supporting infor-
mation), Pt-CNNTs had ultrahigh photocatalytic H, evolution rate
than Pt/CNNT and Pt/S-CNNT prepared by in situ photo-reduction
of HyPtClg. In order to compare the Pt utilization efficiency for
H, evolution, the TOF was calculated according to H, evolution
amount. As shown in Fig. 4a, the H, evolution TOF of Pt/S-CNNT
had more than three times higher than Pt/CNNT, indicated the im-
proved crystallinity and in-plane homojunction could enhance the
photocatalytic activity of CNNT. As for Pt-CNNT, the H, evolution
TOF reached up to 918 h~!, and the enhancement factors were
almost 63 and 200 times compared with that of Pt/S-CNNT and
Pt/CNNT, respectively. Furthermore, the sizes of Pt NPs on Pt/CNNT
and Pt-CNNT were similar (Fig. S7 in Supporting information), in-
dicating the improved photocatalytic H, evolution activity was not
caused by increased reduction sites amount. As shown in Fig. 4b,
all of Pt-CNNTs showed the obvious boosting of H, evolution TOF,
and the 0.05 wt% Pt decorated CNNT showed the highest TOF
for Hy evolution. In addition, the H, evolution TOF of Pt-CNNT
was higher than that of most g-C3N4-based photocatalysts and
even single-atom Pt decorated g-C3N4 reported previously (Fig. 4c)
[16,19,28-40]. The drastic enhanced H, evolution TOF of Pt-CNNTs
demonstrated that the semi-chemical interaction between Pt and
CNNT was a subversive approach for efficient photocatalytic H,
evolution. In addition, the photocatalytic H, evolution cycle test of
Pt-CNNT showed excellent stability (Fig. S8 in Supporting informa-
tion), which might be due to the strong interaction between Pt and
CNNT.
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Fig. 5. Photocatalytic enhancement mechanism of Pt-CNNT.

Based on the above, the photocatalytic enhancement mecha-
nism of Pt-CNNT was proposed in Fig. 5. Firstly, the increased crys-
tallinity and in-plane homojunction could accelerate the photogen-
erated charge separation and restrain recombination; secondly, the
strong interaction between Pt and CNNT made the charge trans-
fer easier from CNNT to Pt by reducing the charge transfer barrier;
thirdly, the superb H* reduction property of metallic Pt made the
photo-induced electrons consumed rapidly for H, evolution. All of
these were due to the semi-chemical interaction between Pt and
CNNT from the solvothermal treatment.

In conclusion, a solvothermal method was developed to achieve
the semi-chemical interaction between Pt and CNNT, at the same
time, the in-plane homojunction of CNNT was formed. The semi-
chemical interaction and in-plane homojunction in Pt-CNNT could
reduce the charge transfer barrier, restrain the photogenerated
charge recombination, accelerate H* reduction, and improve the
charge separation and transfer. So, the Pt-CNNTs showed 200 times
photocatalytic H, evolution TOF than that of Pt/CNNT, and the op-
timized sample showed the ultrahigh TOF of 918 h~! under visible
light (A > 420 nm) irradiation, which is one of the highest in the
g-C3Ny-based photocatalysts. This work provided a subversive ap-
proach for efficient photocatalytic H, evolution.
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